In many condition and health monitoring applications, it is necessary to be able to differentiate between response characteristics that result from structural and sensor specific damage types. An investigation is presented in this paper that considers the effectiveness of sensor self-diagnostic techniques for piezoelectric-based transducers that operate in harsh temperature environments. The motivation behind this work is to develop a method for interrogating sensor health when embedded within high-cost research systems. The theoretical basis for this approach is first presented, along with several analytical test cases in which temperature effects are examined within models of the piezoelectric transducer. Following this, a series of experiments are presented in which transducers with varying types and degrees of damage are subject to repeated temperature cycling from cryogenic to room temperature. The results of this study indicate that capacitive-based self-diagnostic techniques are capable of detecting both sensor delamination and cracking at room and liquid nitrogen temperatures.
INTRODUCTION
The recent development of robust low-power sensing systems have prompted many researchers to propose the use of embedded sensing hardware in long-term condition monitoring (CM) and structural health monitoring (SHM) applications for civil, aerospace and mechanical infrastructure. In such applications, the sensing system would ideally be deployed for the lifespan of the underlying structure, for periods of time that could extend to decades. To facilitate the reliable performance of CM or SHM system, techniques would need to be considered for monitoring 1) the infrastructure's health, as well as 2) the health of the sensor itself. One transducer material that offers very interesting self-diagnostics capabilities are piezoelectrics (PZT). The intrinsic properties of the PZT provides direct coupling between mechanical and electrical domains through the molecular structure of these materials. This coupling property allows one to design and deploy an 'active' and 'local' sensing methodology whereby the structure is locally excited by a known input, and the corresponding response can subsequently be measured by the same transducer. Some advantages of these devices are compactness, lightweight, low power consumption, ease of integration into critical structural areas, ease of activation through electrical signals, higher operating frequency, and low cost. The employment of a known input also facilitates subsequent signal processing of the measured output data.
A critical aspect of the piezoelectric active sensing technologies is that usually large numbers of distributed sensors and actuators are needed to perform the required monitoring process. In addition, the structures in question are usually subjected to various external loading and environmental conditions that may adversely affect the functionality of SHM sensors and actuators. Most current monitoring systems are not intelligent enough to differentiate signal changes caused by damage from those due to sensor failures. The piezoelectric sensor/actuator self-diagnostic procedure, where the sensor/actuator is confirmed to be operational, is therefore a critical component to successfully complete the SHM process. Because piezoceramic materials are brittle, sensor fracture and subsequent degradation of mechanical/electrical properties are the most common types of sensor/actuator failures. In addition, the integrity of bonding between a PZT sensor and a host structure should be maintained and monitored throughout their service lives.
The sensor self-diagnostic procedure has been demonstrated in the past based on electrical admittance measurements 1 . While this procedure was first demonstrated at room temperature, it has potential application for other systems that must operate under harsh conditions, such as in cryogenic environments. In the present study, we extend the application of this technique to the case in which transducers are immersed in liquid nitrogen (LiN). The remainder of this paper will include an overview of the sensor diagnostics method, experimental procedure and results, as well as a discussion of our findings and the issues that were addressed and may be used as guidelines in future investigations.
SENSOR DIAGNOSTICS
One component of this study is the reliability of sensor self-diagnostics at cryogenic temperatures. Due to the active nature of piezoelectric sensors, they can be used to interrogate the bonding and condition of the sensor itself. Methods for determining the health of PZT transducers have been examined in previous research; however it has not yet been demonstrated at extreme temperature environments. Saint-Pierre et al. used the shape of the first real impedance resonance and its change to determine the state of the bonding condition 2 . Guirgiutiu and Zagrai proposed a similar technique using the attenuation of the first imaginary impedance resonance for damage detection 3 . Pacou et al. discussed the use of the shift of the first natural frequency of the piezoelectric patch before and after bonding as a possible method for determining bonding condition 4 .
There are several disadvantages to the above methods. First, they are not sensitive to small debonding in the PZT. Secondly they all require relatively high frequency measurements to determine the bonded first natural frequency. A standard impedance analyzer can be used to make a measurement into the 600 kHz range and up, which is needed in these methods. This frequency requirement makes these techniques generally unsuitable for field deployment using currently available sensor nodes. Finally the absolute number of data points that need to be collected for sensor diagnosis is quite high compared to the method purposed in this paper. The higher number of data points demands more from the SHM node, which generally have very limited storage capacity and RAM.
Bhalla and Soh
5 suggest that the imaginary part of the admittance measurement is more sensitive to bonding conditions, and therefore could be useful in determining the bond health. This relationship was further developed by Park et al. 1, 6 , who showed the initial relationship between bonding condition and the slope of the imaginary admittance measurement (susceptance). This technique is based on the electrical admittance (Y) measurement of a free PZT
where ω is angular frequency, i is the complex number
, w is sample width, l is sample length, t c is thickness, 33
T is strain at constaint stress and is dielectric loss tangent of the PZT material. When bonded to a substrate the bonding layer's effect on the electrical admittance takes the form,
where d 31 2 is the piezoelectric coupling constant and Y P E is the complex Young's modulus of the PZT material at zero electric field. Equations 1 and 2 show that the same PZT will have a different capacitive value from a free-free condition to a surface-bonded condition. The bonding of the sensor will cause a downward shift in the electrical admittance of the free PZT by a factor of
This change in slope would allow for the health of the bonding condition and the physical health of the transducer to be assessed with a measurement of the susceptance 1 .
EXPERIMENTAL SETUP
Several experiments were conducted as part of this investigation. The overall objective was to identify whether the room temperature sensor diagnostic techniques remain valid when submerged in liquid nitrogen. In this test ten PZT sensors were bonded to an aluminum substrate using Stycast ES-2-20 epoxy ( Figure 1 ). One PZT sensor remained unbonded and served as the control sensor in this experiment. Three PZTs were adhered to the aluminum substrate using even pressure and even coverage of epoxy to serve as a good bonding condition. Three sensors were bonded with wax paper covering small regions of the sensor (~ 3/8, 1/2 and 5/8 of the overall area) to provide a partial bonding condition. The final three sensors were bonded completely to the structure, then cut with an abrasive wheel to emulate varying degrees of damage (1/8, 1/4, and 1/2 removal of material). The test plate was suspended from the same test stand used in the fixed-fixed and free-free experiments, and measurements were made at room temperature as well as in the LiN bath. The sensors were cycled through five cooling cycles, in which the plate was allowed to return to room temperature before being resubmerged in the LiN. Due to the high-frequency nature of the impedance measurements used in sensor diagnostics, it was deemed that any mass loading effects of being submerged in the liquid nitrogen would be negligible, as compared to the dynamic tests of the previous study.
Data for this series of experiments was collected using an Agilent 4294A Precision Impedance Analyzer. Samples were interrogated with a 0.5V chirp signal from 1,000 -20,000 Hz, and the electrical impedance response was monitored. Two sets of data were taken for cycle to ensure that any anomalies can be identified during the testing procedure. Following the measurement the imaginary component of the admittance signal was extracted in MATLAB to study how the PZT bonding condition evolves with each thermal cycle .
EXPERIMENTAL RESULTS
Another advantage of the PZT sensor, in addition to its high sensitivity, is that it can be used to apply high frequency structural health monitoring (SHM) approaches to a structure, as well as its ability to interrogate the bond integrity between sensor and substrate, a process referred to as sensor self-diagnostics. In SHM applications it can be difficult to ascertain whether an anomalous result is related to structural or sensor related damage. The objective of performing this series of initial sensor diagnostics experiments is to characterize the response of likely modes of damage in sensors at room and cryogenic temperatures. The results of these tests can later be used to distinguish between sensor and structural damage should piezoelectric sensors be selected as possibilities for monitoring the health of pulsed magnets. This application is especially relevant to the measurement of strain in high field pulse magnets as any potential sensor network embedded within a high pulse magnet for SHM will likely be inaccessible, and the cycling of a cryogenic harsh environment will likely make sensor damage and debonding a real issue. Test setup used to investigate sensor diagnostics at cryogenic temperatures. Ten sensors were investigated: one control sensor, three with good bonding, three with partial bonding, and three that were intentionally broken.
As described in the experimental procedure, an array of nine PZT sensors was mounted on a 5mm thick aluminum plate. The patches are divided into three groups of three, each bonded using the Stycast ES-2-20 epoxy. The first series of three gauges were all properly bonded to the substrate. The second series of three gauges were partially debonded, using wax paper under half the gauge so that the epoxy only adhered to a portion of the sensor. The third series of gauges were intentionally damaged; as an abrasive cutting wheel was used to cut the gauges at 1/4, 3/8, and 1/2 diameters across. A tenth gauge was used as a baseline, and was not bonded to the plate. Figure 2 presents the results for the baseline sensor as the PZT was cycled from room temperature to 77K and back to room temperature. It is evident that the cryogenic environment greatly influences the sensitivity of the PZT as indicated by the significant change in slope; however, it is most important to note that there is a residual change in the room temperature response of the piezoelectric. Bond integrity is denoted by the slope of this admittance curve, and would need to be monitored relative to a baseline measurement to properly account for the temperature induced shift that is apparent in Figure 2 . In general terms, the unbonded piezoelectric sensor will have the greatest slope as the slope is related closely to the capacitance of the PZT. As the sensor is bonded to a substrate, the electrical impedance becomes coupled to the mechanical impedance of the structure through the bond layer. The mechanical boundary condition imposed by the structure through the bonding layer serves to reduce the electrical capacitance of the PZT, resulting in a decrease in the slope of the admittance. If a sensor is properly bonded to a structure, then a positive change in slope will be indicative of debonding, as the sensor begins to gain capacitance due to a relaxation in the mechanical boundary condition. Conversely, damage to the sensor will reduce the overall physical size of the remaining 'operable' region, resulting in a loss of capacitance. Thus, damage to the sensor will generally be reflected as a decrease in slope as the overall electrical capacitance drops. The three sample sets used in this study were configured to help illustrate this behavior, and to prove the technique's effectiveness at cryogenic temperatures.
The first series of piezoelectrics (sensors 1-3) were applied to the aluminum substrate using consistent bonding techniques, and are considered to constitute a 'good' bonding condition. Figure 3 presents the admittance curves for each of the sensors throughout the five cycles between room and cryogenic temperatures. The initial room temperature measurements throughout this discussion are presented as the blue set of curves. It is apparent from these results that a residual shift in slope continues to accumulate throughout the subsequent cooling cycles. While this is a feature that appears to be related to the sensor itself, it is a behavior that will need to be investigated further before the long term deployment of these sensors could be undertaken in applications where large thermal cycles are expected. One of the more interesting results of Figure 3 relates to sensor 3. Based upon the response it is seen that the sensor underwent some debonding during the first warming cycle as the plate was brought back to room temperature following the first submersion in LiN. Debonding is evident in the positive change in slope; however, following this first instance of debonding, the sensor behaves consistently throughout subsequent cooling cycles. Additionally, the admittance response to debonding is apparent in both room temperature and cryogenic data sets, as the positive change in slope is present in both temperature regimes. The second series of PZTs (sensor 4-6) were partially bonded to the aluminum substrate using wax paper to prevent adhesion of 1/4, 1/2, and 3/4 of the sensor diameter. This change in bonding area can be seen in the solid blue admittance curves of Figure 4 . One interesting feature of this series of curves is that the residual shift in admittance values is in the positive direction, rather than the negative direction as seen in the baseline sample. This behavior is attributed to the fact that the partial bonding condition serves to constrain the PZT in a pseudo-cantilevered configuration. In such a configuration it is assumed that the impedance measurement itself causes the sensor to deform as a voltage signal is applied to the PZT, progressively deteriorating the bond, giving rise to subsequent debonding with each measurement at the interface with the wax paper. X-ray or imaging analysis should be conducted to provide support of this assumption.
In addition to the residual changes in the admittance curve, it is also interesting to observe the change in response exhibited by sensor 4 in Figure 4 . During the first submersion cycle the sensor behaves as the other two sensors do; however, on the second submersion it is seen that the sensor suffered some damage. Upon completion of the tests, visual inspection found that there was a significant crack that developed in the sensor along the solder joints of the PZT as seen in Figure 5 . And, as in the case with sensors 1-3, this characteristic was observed in the data collected at room and cryogenic temperatures.
The final series of PZTs (sensors 7-9) were bonded to the substrate in a consistent manner, and then damage was induced using an abrasive cutting tool. Varying degrees of damage were inflicted on the sensors, detaching 1/4, 3/8, and 1/2 diameter sections. The results obtained from these damaged sensors are shown in Figure 6 . It is evident from this figure that the more significant damage produces a larger reduction in the slope of the electrical admittance as is expected from Equations 1-2, and this reduction in slope can be seen in both room temperature and cryogenic datasets. Another feature of this data that should be commented on is the residual increase in slope throughout the cooling cycles. As in the previous case this is counter to what was observed with the baseline PZT, however it is attributed to changes in the bond layer introduced when damage was inflicted on the samples. While this is currently only a hypothesis of what happened, future tests in which damage is inflicted before bonding should help to clarify what is being seen. Frequency (Hz)
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The slope decreases as damage increases from 1/4 to 3/8 dia
The slope continues to decreases as damage increases from 3/8 to 1/2 dia Figure 6 : Electrical admittance measurements for sensors with varying levels of imposed damage.
SUMMARY AND DISCUSSION
A piezoelectric sensor self-diagnostic procedure that performs in situ monitoring of the operational status of piezoelectric transducers at cryogenic temperatures has been presented. The basis of this procedure is to track changes in the measured admittance of piezoelectric materials. Degradation in either the mechanical or electrical properties of the PZT patch and bonding defects between a PZT transducer and host structure were demonstrated using the proposed procedure at both room and cryogenic temperatures. The feasibility of the method was studied using an array of ten PZT transducers mounted to an aluminum substrate that was sequentially cycled between 273K and 77K over five instances. These transducers were mounted in a manner that emulates both debonding conditions as well as fracture conditions in which varying degrees of the transducer were removed. The proposed sensor diagnostic procedure can provide a metric that can be used to determine the sensor functionality over a long period of service time or after an extreme loading event. Such capabilities will be important in applications that will require embedded sensors, particularly those that may be subject to harsh operating environments.
